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Abstract
At high magnetic fields, radiation losses, wavelength effects, self-resonance, and
the high resistance of components all contribute to losses in conventional RF MRI coil
designs. The hypothesis tested here is that these problems can be combated by the use of
high permittivity ceramic materials at high fields.
High permittivity ceramic dielectric resonators create strong uniform magnetic
fields in compact structures at high frequencies and can potentially solve some of the
challenges of high field coil design. In this study NMR probes were constructed for
operation at 600 MHz (14.1 Tesla) and 900 MHz (21.1 Tesla) using inductively fed
CaTiO3 (relative permittivity of 156-166) cylindrical hollow bore dielectric resonators.
The designs showed the electric field is largely confined to the dielectric itself, with near
zero values in the hollow bore, which accommodates the sample.
The 600 MHz probe has an unmatched Q value greater than 2000. Experimental
and simulation mapping of the RF field show good agreement, with the ceramic
resonator giving a pulse width approximately 25% less than a loop gap resonator of
similar inner dimensions. High resolution images, with voxel dimensions less than 50
µm3, have been acquired from fixed zebrafish samples, showing excellent delineation of
several fine structures. The 900 MHz probe has an unmatched Q value of 940 and
shows Q performance five times better than Alderman-Grant and loop-gap resonators of
similar dimensions. High resolution images were acquired of an excised mouse spinal
cord (25 µm3) and an excised rat soleus muscle (20 µm3).
The spatial distribution of electromagnetic fields within the human body can be
tailored using external dielectric materials. Here, a new material is introduced with high
dielectric constant and low background MRI signal. The material is based upon metal
titanates, which can be made into geometrically formable suspensions in de-ionized
water. The suspension’s material properties are characterized from 100 to 400 MHz.
Results obtained at 7 T show a significant increase in image intensity in areas such as the
temporal lobe and base of the brain with the new material placed around the head, and
improved performance compared to purely water-based gels.
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Chapter 1
Overview

1.1 Background Motivation
A magnetic resonance imaging (MRI) scanner’s hardware consists of a
superconducting magnet, a radio frequency (RF) coil system, and a gradient coil system.
An object undergoing an MRI scan is placed into the center of the superconducting
magnet, which sends a homogenous magnetic field, B0, through the object. RF coils are
then used to transmit a time-varying magnetic pulse, B1, perpendicular to B0.
Simultaneously, gradient coils, which generate magnetic fields of controlled spatial
nonuniformity, are used to select the slice of the object that creates a magnetic resonance
signal and to encode spatial information within the slice. After the removal of B1, RF
receiver coils are then used to detect the signals being emitted from the object as voltages
via Faraday’s law of electromagnetic induction. This data can then be used to
reconstruct an image of the sample.
Current clinical MRI machines operate at a static B0 of 1.5 or 3 T; however, there
is a trend to increase the B0 field in order to enhance some key aspects of the
experiments. Increasing the magnetic field strength causes corresponding increases in
signal-to-noise [1-3] and spectral resolution [4;5], while decreasing the total data
acquisition time [6].

1.2 Problem Statement
Low field (1.5 and 3 T) clinical machines use RF coils constructed with discrete
lumped elements and transmission lines to generate the transverse B1 field. A couple of
these conventional coils are spiral coils and butterfly coils [7]. However, at high fields (7
T and up), the design of efficient radiofrequency coils becomes highly challenging, since
the frequency of oscillation of the B1 field increases proportionally to B0. At higher
frequencies, the coil dimensions become a significant fraction of the electromagnetic
wavelength, which creates a number of issues related to conventional coil design [8].
First, the shorter wavelength causes significant phase shifts along the conductors, which
means there will be a non-uniform current distribution leading to B1 field
inhomogeneity, increased electric-field losses, and decreased fill factor [9]. Second, the
reduced conductor skin depth increases ohmic losses, and spurious electric fields lead to
heating of the sample. For small coils, such as those used for MR microscopy, coil design
becomes further complicated due to space limitations. Additionally, problems such as
self-resonance, increased component losses, and increased interaction between
components are encountered [9]. Under these high frequency circumstances, it is
1
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desirable to minimize the number of components while also simplifying the coil
geometry in order to optimize the inherent spectral resolution and SNR advantages of
high field imaging. Finally, as the operating frequency increases, high quality factor, Q,
probes are harder to construct due to increased losses. Designing a coil with a high Q is
desirable since SNR is proportional to the square root of Q.

1.3 Hypothesis
In 1939 Richtmyer stated that non-metalized dielectric objects can function as
resonators [10], and it is known that ceramic dielectric resonators have the potential to
create strong uniform magnetic fields in a compact structure. The first hypothesis tested
here is that dielectric resonators can be an effective way to combat the problems
encountered under high field operation. The use of a non-conductive material avoids
wavelength related issues, simple designs avoid component interactions and related
losses, and dielectric resonators are capable of achieving high Q values [11].
The spatial distribution of the B1 field is currently altered in clinical MRI scans
through use of water-based ultrasound gels (dielectric constant around 60) as first
presented by Yang et. al. [12]. The second hypothesis tested in this work is that ceramic
dielectric materials of high dielectric constant (150 and greater) can be used to achieve
even better spatial tailoring.

1.4 Key Contributions
A central contribution new to this research area is the demonstration of the use of
hollow cylindrical ceramic dielectric resonators in magnetic resonance imaging. Use of
hollow resonators maximizes the sample space over the area of homogenous B1 field, and
the dielectric resonator itself creates a uniform magnetic field in a compact structure at
high frequencies, potentially solving some of the challenges of high field coil design.
Another contribution is the investigation of CaTiO3 for use in dielectric resonator
probes for MRI. CaTiO3 is a high Q ceramic material, which is cheaper, easier to
fabricate, and more temperature stable than the BST previously used [13].
Dielectric resonators successful at producing high resolution images are also
shown for the first time to have improved B1 homogeneity over conventional high field
RF coil designs of similar dimensions (Alderman-Grant and loop-gap). This shows that
the dielectric resonator’s use in high field imaging successfully combats the problems
associated with wavelength and B1 inhomogeneity related issues of conventional coils.
Another new contribution to high field magnetic resonance is the use of high
permittivity materials to tailor the B1 distribution external to the sample under
investigation. A CaTiO3 and deionized water slurry suspension is introduced with high
dielectric constant (~110) and low background MRI signal. Results obtained at 7 T show
a significant increase in image intensity in areas such as the temporal lobe and base of
the brain with the new material placed around the head, and improved performance (70140% in SNR) compared to purely water-based and ultrasound gels.
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Chapter 2
Basics of Magnetic Resonance Imaging

2.1 Introduction
To see what cannot be seen is an intriguing problem. Some people may wish they
had Superman’s x-ray vision for a variety of reasons: to see what is in a package without
unwrapping it or to find leftovers without opening the refrigerator door and shuffling
through its contents. Albeit the solution to the internal visibility problem is satisfying to
one’s curiosity, it also has obvious practical implications, the most notable being that the
internal contents of an object can be determined without disturbing the object itself.
This concept is tremendously useful within the fields of medical diagnostic imaging and
illegal weapon/substance detection. Although the internal imaging of objects began as
early as the discovery of x-rays, the advent of computers has permitted the development
of more sophisticated internal imaging techniques. Tomography comes from the Greek
root tomos, which means “cut,” and tomographic imaging is the concept of
reconstructing an image from multiple slices of an object. Two of the most widely used
types of medical tomographic imaging are x-ray computed tomography (CT) and
magnetic resonance imaging (MRI). The radiological popularity of MRI is achieved due
to its ability to provide excellent contrast between soft tissues (particularly when
compared to CT). Also, unlike CT, MRI is harmless to the object or patient under
investigation since no ionizing radiation is used. In this chapter, the basic principles
underlying MRI are presented.

2.2 MRI Machine Overview
A magnetic resonance imaging (MRI) scanner’s hardware primarily consists of a
superconducting magnet, a gradient coil system, and an RF coil system as shown in
Figure 2-1.
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Figure 2-1 – Cross-sectional view of a vertical MRI machine. Most high-resolution magnets are of vertical
orientation, particularly those used for NMR spectroscopy, while most imaging magnets are horizontally
oriented so that the direction of B0 is also horizontal.

An object undergoing an MRI scan is placed into the center of the superconducting
magnet, which sends a static homogenous magnetic field, B0, through the sample to be
imaged. RF coils are then used to transmit a time-varying electromagnetic pulse, B1,
perpendicular to B0. The B1 field transmits energy into the sample and causes it to
resonate. Simultaneously, gradient coils, which generate magnetic fields of controlled
spatial non-uniformity, are used to select the slice of the object that creates an NMR
signal and to encode spatial information within the slice. After the removal of B1, RF
receiver coils are then used to detect the NMR signals being emitted from the object.
This data can then be used to reconstruct an image of the sample.

2.3 Nuclear Magnetic Resonance

2.3.1

Quantum Mechanics of NMR

The phenomenon of nuclear magnetic resonance (NMR), simultaneously
discovered by Bloch [14;15] and Purcell [16] in 1946, who shared the Nobel Prize in
Physics for their work in 1952, involves the idea that the nuclei of atoms in a magnetic
field will absorb energy that is transmitted at their frequency of precession. Every proton
spins on its axis and thus has spin angular momentum, J. Since a proton is also a
charged particle, its rotation generates a magnetic field, which means it also possesses a
magnetic dipole moment, µ. Since the spin directions of protons in a nucleus are
random, a nucleus will only have a net J, and subsequently a net µ, if it has an odd
number of protons.
The magnitude of the spin angular momentum, J, is given by:

6
(2-1)

where h is Planck’s constant (6.63·10-34 J·s). J is quantized and can therefore only take
on discrete values, which are determined by the spin quantum number, I. The value of I
depends on the number of protons and neutrons in the nucleus; some values for
common nuclei used in NMR are given in Table 2-1.
Table 2-1 – Physical constants for various nuclei used in NMR.

Element

Spin, I

1H

½
½
½
3/ 2
½

13C
19F
23Na
31P

Gyromanetic Ratio, γ
(MHz/T)
269.5
67.26
251.7
70.77
108.3

Natural Abundance
(%)
99.98
1.11
100.0
100.0
100.0

J and µ are related by the gyromagnetic ratio, γ, which is an element specific physical
constant defined as
,

(2-2)

hence µ is quantized as well. Some gyromagnetic ratios for elements commonly used in
NMR are also given in Table 2-1. The hydrogen nucleus (1H), which consists of one
proton, is the most suitable nucleus for imaging biological samples due to its abundance
in the body’s tissue and to the fact that its single proton produces the largest signal of all
common stable atomic nuclei under the influence of a homogenous magnetic field [17].
When a body is placed in a homogenous static magnetic field, B0 (units Tesla), its
nuclei’s magnetic dipole moments align either parallel or antiparallel to the direction of
the field as shown in Figure 2-2.

Figure 2-2 – Quantization of protons under the influence of an external magnetic field B0. While there is
only one energy level in the absence of a magnetic field, Zeeman splitting results in two energy levels under
the influence of an external field, with more protons assuming the lower energy level (state parallel to the
magnetic field) [18].
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More protons assume the lower energy level, parallel to the direction of B0. The energy
difference between the parallel and antiparallel states is given by

,

(2-3)

and the Boltzmann equation can be used to calculate the relative number of protons in
each energy state

(2-4)

where k is Boltzmann’s constant (1.38·10-23 J/K) and T is the temperature in Kelvins.
Under the influence of B0, the nuclei’s individual dipole moments sum to
generate a net magnetic dipole moment, M. The net magnetization will only have a nonzero component in the direction of the application of B0, which is the z-direction by
convention, and the net magnetization is defined by M0:
(2-5)

where Ns is the number of spins (protons) in the body. M0 is the thermal equilibrium
value for M in the presence of B0 only.
The torque B0 exerts on this system of nuclei also causes their magnetic moments
to precess about the B0 field’s axis. The proton resonant frequency of precession, which
is the natural resonance frequency of a spin system, is called the Larmor frequency, and
is defined as
.

2.3.2

(2-6)

Radio Frequency Pulse Application and NMR Signal Detection
Applying a B1 external time-varying magnetic field [19]
(2-7)

perpendicular to B0 (in the xy- (or transverse-) plane) and oscillating at the same
frequency as the Larmor frequency, i.e.
,

(2-8)

rotates the precessing nuclei so that they are all pointing in the same direction, a
condition called phase coherence. Equation (2-8) is known as the resonance condition.
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In phase coherence the nuclei absorb some of the energy of the magnetic field B1 due to
the fact that the resonance condition is satisfied. B1 is applied using a radio frequency
(RF) transmit coil for a time τB1 , and the angle through which the net magnetization is
rotated by the application of the B1 field is called the tip angle, α, defined by
(2-9)

When B1 is removed, the energy is released as the atoms return to their equilibrium
states. This NMR signal can be detected as a voltage in an RF receiver coil via Faraday’s
law of electromagnetic induction:
(2-10)

Overall the induced voltage obeys the following proportion
.

(2-11)

It should be noted that the magnitude of the NMR signal is therefore proportional to the
difference in population of the two energy levels by Equation (2-5). The NMR signal
data detected in the RF receiver coil is what is used to reconstruct an image of the object.
The time-dependent behavior of M is quantitatively described by the Bloch
equation [15]:
(2-12)

with components:

(2-13)

where T1 and T2 are time constants, B1 is much smaller than B0, and a stationary
(laboratory) frame of reference is used [20]. T1 is the spin-lattice relaxation time, which
influences the z-component of magnetization, and T2 is the spin-spin relaxation time,
which influences the transverse component of magnetization. T1 and T2 values strongly
influence the image contrast in different biological tissues, examples of which are given
in Table 2-2 [18].
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Table 2-2 – T1 and T2 values for various biological tissues.

Tissue
Fat
Muscle
Brain (gray matter)
Brain (white matter)
Liver
Cerebrospinal Fluid

T1 (ms)
260
870
900
780
500
2400

T2 (ms)
80
45
100
90
40
160

The magnetic field B1 is typically generated as a succession of radio frequency
(RF) pulses called a pulse sequence. Some popular pulse sequences are spin echo,
gradient echo, and inversion recovery. Contrast in MRI is dependent upon the density
and behavior of protons within atoms’ nuclei, and the behavior of these protons is
affected according to the parameters of the pulse sequence. These parameters include:
the pulse envelope function
, the time between two successive excitations of the
same object region (known as the repetition time, TR, which is related to T1), the time
between excitation and measurement of the NMR signal (known as the echo time, TE,
which is related to T2), and the combination of magnetic gradients [21].

2.4 Slice Selection via Magnetic Field Gradients
Since identical nuclei in an object precess at the same frequency, ω0, under the
influence of B0 (see Equation (2-6)), the application of B1 with ωrf = ω0 causes all of the
nuclei to achieve resonance and generate an NMR signal. This is not useful since only a
slice of the object is desired for imaging. Thus, spatial information must be encoded into
the signal, which is accomplished via the use of gradient coils. Gradient magnetic fields
have amplitudes that vary linearly with position, and they are applied in addition to the
fields B0 and B1. Their presence requires a modification of the Larmor equation, which
is
,

(2-14)

where ωi is the frequency of precession of a nucleus at position and G is a vector
representing the total gradient [22]. The first gradient applied is the slice-selection
gradient, GSS. For an axial image, GSS is transmitted along the z-axis and is imposed on
the -static magnetic field B0; thus, the effective magnetic field in the z-direction varies
linearly in amplitude. As a result, the frequencies ωi vary linearly according to Equation
(2-14). Since the ωi are known, the bandwidth of frequencies in the RF pulse B1 is
chosen so that only a specific slice of nuclei in an object achieve resonance and generate
an NMR signal. This effectively determines the internal location and thickness of the
slice to be imaged. A second gradient is the frequency encoding gradient, GFE, which is
applied in the x-direction after removal of the RF pulse. This gradient causes the nuclei
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within the selected slice to precess at different frequencies according to the linearly
varying amplitude of GFE. The frequency encoding gradient is also called the readout
gradient because the magnitude of GFE and the detected precession frequency of an
NMR signal allow its precise x-position to be determined. Finally, a third gradient is
placed along the y-axis and is called the phase-encoding gradient, GPE. This gradient
causes nuclei in the y-direction that precess at the same frequency to be out of phase
with each other, which allows for their y-positions to be determined based upon the
phase of a detected NMR signal. When NMR data of an object slice is detected in the RF
receiver coil, it can be assembled into a raw data matrix (an example of which is given in
Figure 2-3) and then reconstructed to form an image of the object slice.

Figure 2-3 – Sample k-space matrix showing nuclei out of phase (by row) and of varied frequency (by
column). Phase is indicated by the direction of the arrows, and frequency is indicated numerically with units
of MHz.

2.5 Image Reconstruction
MRI systems traditionally sample data rectilinearly in the Fourier space; thus,
the 2-D inverse Fourier transform method is a logical choice for NMR image
reconstruction. Incidentally, it is the most popular image reconstruction technique used
for MRI. NMR signal k-space data, S(kx, ky), is related to the image function I(x,y) via
the following relationship
(2-15)

Thus, finding the inverse Fourier transform of the k-space data matrix directly yields the
imaging function:
(2-16)

In reality data cannot be infinitely sampled, thus image reconstruction methods must be
applied in discrete form. Inherent with sampling are familiar difficulties such as series
truncation, the Gibbs ringing effect, and interpolation that must be taken into account
when implementing reconstruction algorithms.
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2.6 Increasing Static Magnetic Fields

2.6.1

Motivation for Higher Field Magnets

Current clinical MRI machines operate at a static B0 of 1.5 or 3 T; however, there
is a trend to increase the B0 field in order to enhance some key aspects of the
experiments. Increasing the magnetic field strength causes corresponding increases in
signal-to-noise (SNR) [1-3], sensitivity (proportional to SNR), and spectral resolution
[4;5], while decreasing the total data acquisition time [6].
As shown in Equation (2-11), the NMR signal linearly depends upon both M0 and
B0; however, M0 is also proportional to B0 by Equation (2-5). Hence, the induced signal
in the RF coil has a quadratic dependence on B0, i.e. the NMR signal is proportional to
B02. The dependence of M0 on B0 shows that a high static magnetic field increases the
equilibrium magnetization. The additional increase of the NMR signal with B0 is due to
the fact that the protons precess at a higher frequency (according to Equation (2-6)) so
that the induced voltage in the RF coil increases. This increase in signal is offset,
however, by the dependence of the noise on B0 as well. The overall noise voltage is given
by
(2-17)

where Rcoil is the RF coil resistance, Rsample is the effective resistance of the sample being
imaged, T is the absolute temperature in Kelvins, k is Boltzmann’s constant, and Δf is the
bandwidth of the received signal. At high fields the sample losses dominate and noise
increases linearly with B0, hence the overall SNR is proportional to B0 (or equivalently ω0
from ω0=γB0). The increase in SNR with static field (or frequency) is a motivating factor
for interest in high-field imaging in MRI. Improved SNR can then be used to improve
the spatial resolution or decrease the total data acquisition time in an experiment.

2.6.2

Complications at Higher Fields

Low field (1.5 and 3 T) clinical machines use RF coils constructed with discrete
lumped elements and transmission lines to generate the transverse B1 field. A couple of
these conventional coils are spiral coils and butterfly coils [7]. However, at high fields (7
T and up) the design of efficient radiofrequency coils becomes highly challenging, since
the frequency of oscillation of the B1 field increases proportionally according to
Equations (2-6)-(2-8). At higher frequencies, the coil dimensions become a significant
fraction of the electromagnetic wavelength, which creates a number of issues related to
conventional coil design [8]. First, the shorter wavelength causes significant phase shifts
along the conductors, which means there will be a non-uniform current distribution
leading to B1 field inhomogeneity, increased electric-field losses, and decreased fill factor
[9]. This is particularly a problem when the dimensions of the sample become a
significant proportion of the electromagnetic wavelength, because an inhomogeneous B1
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field results in destructive and constructive interference patterns yielding bright and
dark spots in the resulting images. Second, the reduced conductor skin depth increases
ohmic losses, and spurious electric fields lead to heating of the sample. For small coils,
such as those used for MR microscopy, coil design becomes further complicated due to
space limitations. Additionally, problems such as self-resonance, increased component
losses, and increased component-component interactions are encountered [9]. Under
these high frequency circumstances, it is desirable to minimize the number of
components while also simplifying the coil geometry in order to optimize the inherent
spectral resolution and SNR advantages of high field imaging. Finally, as the operating
frequency increases, high quality factor, Q, probes are harder to construct due to
increased losses. Designing a coil with a high Q is desirable since SNR is proportional to
the square root of Q.

Chapter 3
Dielectric Resonators

3.1 Introduction
In 1939 Richtmyer stated that non-metalized dielectric objects can function as
resonators [23], and it is known that ceramic dielectric resonators have the potential to
create strong uniform magnetic fields in a compact structure. Dielectric resonators can
be an effective way to combat the problems encountered under high field operation: the
use of a non-conductive material avoids wavelength related issues and simple designs
avoid component interactions and related losses [24].

3.2 Dielectric Resonators in Electron Spin Resonance
The physics of electron spin resonance (ESR), also called electron paramagnetic
resonance (EPR), is analogous to nuclear magnetic resonance (NMR), the main
difference being that electron spins are excited rather than the spins of atomic nuclei.
ESR was discovered in 1944 by Zavoisky [25], and sixteen years later Carter and Okaya
discovered that dielectric resonators could be used to detect ESR signals of artificially
produced boules of Fe3+ in rutile (TiO2, εr~100) [26]. The original rutile dielectric
resonator was coincident with the Fe3+ sample, and paramagnetic resonances were
observed over a range of 2-110 GHz in a field of 0-14 T. An increase in sensitivity was
achieved by using the doped rutile as the microwave resonator rather than the traditional
metal walled cavity, since rutile has comparatively much higher loaded Q values (~5000
for 50-110 GHz and ~ 85,000 for 1.5-7 GHz all at 78 K) and the filling factor with the
coincident sample was unity. An X-band comparison of the dielectric resonator
technique with the traditional metal cavity resonator was made and showed the
minimum number of detectable spins improve by a factor of 2500 for DR technique.
Okaya [27] also noted that one of the big advantages of using the rutile resonator was its
extremely small physical size when compared with traditional metal walled cavity
resonators.
Dielectric cavity resonators (DCR) were presented for ESR use by Rosenbaum
[28] and Harthoorn and Smidt [29]. Both DCR configurations used either a hollow
dielectric tube resonator with the sample inside or a dielectric rod resonator as the
(coincident) sample. Rosenbaum used Teflon (εr = 1.27), Quartz (εr = 2.06), Lucalox (εr
= 9.9), and Ruby (εr = 9.9) as the dielectric materials operated at the X- and Ka-bands
achieving loaded Q-values as high as 5000. Harthoorn and Smidt used fused silica (εr =
3.8) DCRs with inner radius 0.5 cm, outer radius 1.25 cm and length 1.156 cm resonating
at 9 GHz in the TE011 mode with a measured unloaded Q of 6300. Metal endplates were
used on both sides of the DCRs.
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Building upon Rosenbaum’s work, Walsh and Rupp [30] presented the first
systematic use of dielectric resonators in cylindrical configurations for use in ESR . They
used resonators made from zirconium tin titanate (εr=37.5) and barium titanate
(Ba2Ti9O20, εr=40) to replace a conventional half-wavelength Ku–band waveguide cavity
that had a resonant frequency at 11.6 GHz. In this case a single cylindrical disk was used
in the TE011 mode. The center of the cylinder was drilled out to produce a hollow bore
into which the sample could be placed. The center region of the cylinder could be
removed for this operating mode with little change in frequency or field distribution,
since “the microwave magnetic flux passes almost entirely through the central region and
closes on itself outside the dielectric cylinder” [30]. In this case the use of dielectric
resonators showed significant increases in signal-to-noise (from ~15x to ~30x depending
on the material) over the conventional waveguide cavity.
Dykstra and Markham [31] also investigated the use of DRs in ESR spectroscopy,
using commercially available (ZrSn)TiO4 dielectrics with εr=38, Q0=5300 at 8.8 GHz,
height = 2.65 mm, outer diameter = 5.98 mm, and a temperature stability within
2 ppm/˚C. Holes of diameter 1 mm and 2 mm were created within the DR in order to
insert the sample tubes, and the corresponding operating frequencies were then 8.85
GHz and 8.91 GHz respectively. For small samples the sensitivity increased by two
orders of magnitude for the DR when compared to a standard cavity.
A dual disk arrangement was presented in 1992 by Bromberg and Chan [32] who
designed a coupled two-disk TiO2 (εr>100) system for EPR studies using a modified
diamond anvil cell (DAC). The resonant frequency was 11.2 GHz at 77 K and 9.5 GHz at
2 K when the disks were in the TE10δ mode. A typical loaded Q was ~1200 at room
temperature and 5000 at 2 K. Substantial improvement in Q and in filling factor was
noted from Pifer’s original design of a conventional DAC for EPR in the X-band [33],
though the authors noted the performance of the microwave system was mediocre,
achieving a single pass sensitivity of 2.1·1015 spins.
Sienkiewicz and Qu [34] used both single and double disk structures for stoppedflow EPR experiments in the X-band (9.05 – 10 GHz). Their zirconium titanate (εr=30)
disks were also hollow and tuned to resonate at various frequencies of the TE01δ mode.
(Changing the spacing between the double disks resulted in an effective change of tuning
frequency.) The hardware components involved in this design included a dielectric
resonator based probe and coupler, and a physical support structure. The coupler that
was used was an antenna loop oriented with its plane perpendicular to the axis of the
cylindrical dielectric resonators. It was determined that this was an effective
arrangement for coupling magnetically to the TE10δ mode. As part of the support
structure, a microwave shield was included to prevent unwanted radiation losses and
noise from the dielectric resonators. Lassmann et al. [34;35] also used a zirconium
titanate (εr=30) double disk arrangement to perform EPR stopped-flow experiments in
the X-band.
Since there are no closed-form analytical solutions to determine the resonant
frequency of cylindrical dielectric resonators in free space, Jaworksi et al. [36] derived an
approximate method for predicting the resonant frequencies for single and stacked
dielectric resonators used in sensitive EPR measurements. Jaworski first studied single
and double-stacked dielectric configurations, which were designed using commercially
available X-band high-dielectric ceramics (Trans-Tech Part No. C8733-0245-X-110-B040, εr=29.4, outer diameter = 6.22 mm, inner diameter = 1 mm, and height = 2.8 mm;
and MuRata-Erie Part No. DRT065R020C029, εr=29.2, outer diameter = 6.55 mm,
inner diameter = 2 mm, and height = 2.95 mm). Their configuration was very similar to
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that of Sienkiewicz [34] in that a microwave shield was used as well as a laterally
protruded loop-shaped antenna for magnetic coupling to the TE01δ mode. Prior to
Jaworski’s paper, most approximate methods for computing the field distribution and
the resonant frequency for a disk-shaped dielectric cylinder could be “roughly divided
into two distinct groups: rigorous and very accurate numerical procedures based on
finite-element or Green function formalism and simple approximate models in which the
field distribution can be described analytically, but the resulting resonant frequency is
accurate within only a few percent” [36].
Jaworski et al. developed a semi-empirical model to bridge the gap between these
two approaches. The model employed a combination of approximate analytical formulae
with their experimental results for both single and double-stacked resonator structures.
Their approach yielded accuracy better than one percent for the commercial DRs. They
also concluded that it gave a correct estimate for the distribution of electric and magnetic
field components inside the dielectric resonators. Furthermore, when comparing the
single DR to the double DR, it was noted that a higher filling factor could be obtained for
a point sample in the single DR structure, but the double-stacked configuration yielded
better SNR for long aqueous samples.
The advantages of using DRs in ESR experiments have been well-documented
and an excellent review article for these techniques is given in [37]. Since there are many
parallels between ESR and NMR, dielectric resonators can be used in NMR RF coil
apparatuses as well.

3.3 Dielectric Resonators in Nuclear Magnetic Resonance
Dielectric resonators of significantly different design than those previously
mentioned for ESR applications have been investigated for initial use in nuclear
magnetic resonance (NMR) applications. Wen et al. [38] constructed a series of
cylindrical and annular dielectric resonators that used either water or D2O as the
dielectric for a whole-body 4 T MRI system for a proton frequency of 170.75 MHz. The
TE01δ mode was utilized, which had an unloaded quality factor of 57, and the imaged
sample was placed into a cylinder containing water or D2O. This study was successful in
obtaining an image of a hand, yet the authors noted that the high-loss factor of water did
not make it an ideal dielectric, in addition to the fact that the sample becomes
undesirably wet. Coupling to the dielectric resonators in this case was also via an
inductive loop and a matching circuit placed above the resonator.
The use of high permittivity dielectrics for high field microimaging at 14.1 T (600
MHz) was first proposed by Neuberger et al. at Penn State University [13]. This work
built upon the ESR DR designs previously discussed. The ceramic material used was
barium strontium titanate (Ba0.04Sr0.96TiO3), which had a very high relative permittivity
of 323, but is relatively difficult to machine and to procure. BST is also quite expensive
(~$500/kg of powder). Due to these and other manufacturing constraints, a solid (as
opposed to hollow) double-stacked arrangement was used with the sample placed
between the two discs. The resonators, each of diameter 28.5 mm and height 12.2 mm,
were tuned with copper endplates to resonate at 600 MHz for 1H proton imaging at 14 T.
The magnetic field was coupled into the resonators using a transmit/receive loop probe
placed between the discs. While Neuberger’s resonator setup is not the optimal
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geometry in terms of available sample space or B1 field strength, the configuration had a
high unloaded Q-value of 500 and was successful in the imaging of a canola seed and
achieved significantly higher signal-to-noise when compared to a conventional saddle
coil of similar dimensions. The following two chapters include work that has extended
the use of dielectric resonators in magnetic resonance imaging.

3.4 Principles of Dielectric Resonators

3.4.1

Composition

Dielectric resonators (DR) are high permittivity (εr), high Q (low loss), ceramic
geometrical objects that can effectively store energy. DRs are physically capable of
storing energy like a resonant cavity since the dielectric constant of the material is high.
Under high permittivity conditions, the plane wave reflection coefficient at the dielectricair interface approaches the value of positive 1 by

(3-1)

where η0 is the impedance of free space and η is the impedance of the dielectric material.
The magnetic permeability, µr, of the resonator is unity. Under these conditions, the
electromagnetic wave is reflected back into the resonator at the boundaries, effectively
storing the energy within the object.
In any resonant cavity, resonance is defined where the average values of stored
electric and magnetic energies are equal. At resonance, the total energy stored is
constant as a function of time, and the input impedance is purely real. Since
electromagnetic fields can only be sustained within a lossless cavity at the resonant
frequency, it is crucial to design a DR with the resonant frequency in mind. Factors
affecting the resonant frequency of a dielectric resonator are εr, the geometry, and the
dimensions. Since the permittivity of a DR must be much greater than unity, some
popular materials used for DRs are TiO2 (rutile, εr≈100), SrTiO3 (εr≈300), BaTiO3
(εr≈3000), and BaxSr1-xTiO3 (300≤εr≤3000 based on ratio of Ba to Sr). Commonly used
DR geometries include rectangular, cylindrical, and ring structures. The focus in this
work is on the cylindrical shape for its applications in MRI. The dimensions of a DR
should be chosen to achieve a desired resonant frequency; however, it should be noted
that use of a DR significantly reduces the size of the structure when compared to a
conventional metal-walled cavity. Material properties that limit the performance of a
dielectric resonator are dielectric losses and the temperature coefficient, which will
subsequently be described in more detail.
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3.4.2

Modal Distributions

All resonant cavities have a theoretically infinite number of resonant modes, i.e.
electric- and magnetic-field patterns that are invariant with time. Cylindrical dielectric
resonators have transverse electric (TEmnp) and transverse magnetic (TMmnp) modes,
which are present in all cylindrical cavities, along with hybrid electromagnetic (HEMmnp)
modes. The subscripts m, n, and p denote the number of half-wavelength field variations
in the φ, ρ, and z directions respectively. Alternatively one can say that m is the number
of axial planes along which the normal component of the electric field vector vanishes,
and n is the number of coaxial cylinders (including the boundary) along which the
tangential component of the electric field vector vanishes [39]. In the case of a
cylindrical DR, as with cylindrical dielectric waveguides, pure TE and TM modes exist
only when the field variation are independent of φ, meaning m=0 for all TE and TM
modes. Hence, all TE and TM DR modes are cylindrically symmetric. The magnetic,
H(t), and electric, E(t), field patterns for four lower order DR modes are shown in Figure
3-1.

Figure 3-1 – Magnetic (top) and electric (bottom) field patterns at peak values in time for the four lowest
order modes of a cylindrical dielectric resonator: TE01δ, HEM11δ, HEM12δ, and TM01δ. The fields are strongest
where the vectors (cones) are largest and darkest in color. In this case, the H(t) and E(t) fields are actually
90˚out of phase since peak values are displayed.

The snapshots in Figure 3-1 were taken when each field was at a maximum. The
larger, darker vectors correspond to where the field is the strongest. In actuality, the
magnetic fields are in time quadrature with the electric fields, meaning that the magnetic
field’s maximum occurs one-quarter period later in time than that of the electric field’s.
Identification of mode patterns helps with coupling and/or mode suppression as
discussed in Chapter 6 of [11]. Mathematical methods of calculating the electromagnetic
fields in dielectric resonators are quite complicated and will be discussed below.
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The most commonly used resonant mode in a DR is the TE01δ mode, which is the
lowest order mode. In this mode, the magnetic field resembles that of a magnetic dipole
and is highly axial and homogeneous. The magnetic field lines are contained in the
meridian planes. The electric field forms concentric circles around the z-axis, and it is at
a maximum at the periphery of the cylinder and is zero on the axis where the magnetic
field is the strongest. Consequently, a hole can be bored down the axis of the DR without
appreciably disrupting the distribution of the fields as shown in Figure 3-2. Such
resonators are also called tubular, ring, or hollow-bore resonators.

Figure 3-2 – Magnetic (left) and electric (right) field distributions for the TE01δ mode of a cylindrical
dielectric resonator with a hollow bore. The magnetic field is highly axial and homogenous along the hollow
bore. The electric field vectors are orthogonal to the plane of the page and are strongest at the periphery of
the cylinder and zero down the hollow bore where the magnetic field is the strongest.

The field pattern of the TE01δ mode is such that it can be excited with a small wire
loop probe placed in the equatorial plane, with the TE01 mode of a rectangular
waveguide, or with a microstrip line placed near the resonator’s circular end face. The
orientation of any coupling mechanism should be such that the magnetic field lines link
with those of the excitation mechanism.
The next higher order mode is the HEM11δ mode. This mode has a high radiation
loss and hence a low quality factor when compared to the TE01δ mode [11].

3.4.3

Frequency Calculation

A formula can be derived for the TEz modes of the resonant frequency for a
dielectric filled cylindrical cavity with radius a and height h as shown in Figure 3-3.

Figure 3-3 – Cylindrical dielectric resonator with height, h, and radius, a.
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As a first-order approximation, the dielectric-air boundaries of the resonator can be
approximated as perfect magnetic conductors (PMC). This means that the tangential
components of the magnetic field (and normal components of the electric field) vanish at
the boundaries of the resonator. Applying these boundary conditions to the vector
potential equations for cylindrical wave propagation, the resonant frequency can be
derived as

(3-2)

where c is the speed of light in free space and χmn is the nth zero (n = 1, 2, 3, …) of Bessel
function Jm(x) of the first kind of order m (m = 0, 1, 2, …) [40]. The third index, p, is an
integer and represents the number of half-wavelength field variations in the z-direction.
This first-order TEz approximation is the dual of a perfect electric conductor (PEC)
cavity’s TMz mode. While such first order models are useful in understanding the
general behavior of a dielectric resonator, Kajfez asserts in [11] that computed results
from this method are 20% and more off the measured resonant frequency values.
An improved second-order model was suggested by Okaya et al. [41] for a
rectangular DR and is described by Cohn et al. for the cylindrical case [42-44]. In the
Cohn model, the DR is assumed to have a PMC cylindrical wall and free space
boundaries at the circular ends. Essentially the dielectric resonator is modeled inside a
PMC waveguide. Within the dielectric at resonance, the fields form standing waves
above the cutoff frequency with propagation constant γ=jβ. Beyond the dielectric-air
interface, the fields are below cutoff and evanescent with propagation constant γ=α.
Applying the appropriate boundary conditions and following waveguide development
such as given in [11;40;42], the resonant condition for the lowest order mode is then
described by the transcendental equation

(3-3)

where the TEz mode propagation constants are given by

(3-4)

(3-5)

where λ0 is the free space wavelength. The open boundary conditions at the cylinder’s
ends imply that the resonant length, h, of the cylinder is less than λg/2; hence, δ=2h/λg
represents the field variation in the z-direction where λg is the guide wavelength and δ
must be a non-integer less than unity. The resonant frequency, fr, is then found by
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solving the above three equations for λ0. The range of possible values for the resonant
frequency varies with δ:

(3-6)

(3-7)

Using this calculation method and comparing measured resonant frequency
results
for a TiO2 material with εr=98 yielded a calculation error of 10% below the measured
values [45], which makes sense considering δ>0 for a dielectric constant greater than
unity. For higher order modes where the third subscript index may be represented by
l+δ, where l = 0,1,2,…, references such as [46] should be consulted.
Other approximation methods for determining the resonant frequency of a DR
have also been proposed such as a dielectric waveguide based model [46;47]; however,
the exact resonant frequency is best computed using rigorous computational methods.
Various exact analysis methods have been proposed for solving for the
electromagnetic field distributions and resonant frequencies of dielectric resonators.
Such methods include radial mode matching [48-50], axial mode matching [51-54],
finite-element analysis [55;56], finite-difference [57-59], perturbations using asymptotic
expansion [60;61], and integral equations [62-64]. An excellent overview and
assessment of these method is given in Chapters 5 & 6 of [11]. Computer software
simulation tools that can be used to solve the dielectric resonator problem include CST
Microwave Studio (Computer Simulation Technology, Darmstadt, Germany) and XFdtd
(Remcom, State College, Pennsylvania).
Although the exact frequency for a given resonant mode in a dielectric cylinder
can only be computed by rather complicated numerical procedures, an empirical
estimation of the TE01δ resonant frequency of an isolated dielectric cylinder in free space
is given by [11]:

,

(3-8)

where a is the radius of the cylinder in centimeters, h is the height of the cylinder in
centimeters, єr is the relative permittivity of the material, and fres is in MHz. This
formula was obtained by fitting a straight line to the results of numerical solutions and is
known to be accurate to about 2% in the range 0.5 <r/h<2 and 30<єr<50. Although
many dielectric resonators use єr well beyond this range, the equation is a useful starting
point in determining design parameters.
As previously discussed, the resonant frequency of a DR is affected by the
boundary conditions of the resonator. Likewise, the shielding conditions also affect the
resonant frequency [62;65;66]. The change in resonant frequency is effected by
displacement of the electric and magnetic fields, and its direction of change can be
determined from cavity perturbation theory. From section 7.2 of [67] the change in
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resonant frequency when the wall of a metal cavity is pushed inward can be calculated
from

,

(3-9)

where the numerator represents the difference of stored magnetic and electric energy
within the volume Δv and the denominator is the total energy stored within the volume
v. Hence, if the stored energy is mostly electric, moving a metal shielding wall closer to
the resonator will decrease the resonant frequency. Conversely, for a displaced field that
is predominantly magnetic, the resonant frequency will increase. In the specific case of a
shielded TE01δ resonator, the frequency increases as a metal wall moves inward as the
displaced energy is predominantly magnetic. It should also be noted that the resonant
frequency of a lower dielectric constant material is more likely to be affected by shielding
conditions than by the magnitude of the dielectric constant since the fields are more
evanescent.
Knowledge of how shielding conditions affect the resonant frequency of a DR can
be particularly useful when implementing tuning mechanisms. For the TE01δ mode,
bringing metal plates, or a tuning screw, close to the circular surfaces of the DR will
increase the resonant frequency. This is due to the fact that the Eφ field is tangential to
the plates and therefore zero, while the magnetic energy is displaced in the vicinity
outside the DR’s flat surfaces. One negative consequence of bringing a metal plate near
the DR is that surface currents will be created, which reduce the Q value of the resonator.
The resonant frequency of a dielectric resonator can be measured in the
microwave range using methods that confine electromagnetic energy within the
dielectric material. Hakki and Coleman [68] used a dielectric resonant post bounded by
two parallel conducting plates to measure the resonant frequency. This information
along with structural dimensions can further be used to solve the appropriate
transcendental equations yielding the dielectric properties and unloaded Q value. Cohn
and Kelly [69] and Courtney [70] also have proposed dielectric resonant post methods
for measuring the DR resonant frequency. Kobayashi [71] presented accuracy
improvements to measurements via the dielectric post resonant method.

3.4.4

Loss and Quality Factor

As in any dielectric material, loss mechanisms are mostly due to damping and
conductivity. The complex permittivity, ε, of a medium is defined by
,

(3-10)

which when substituted into Maxwell’s curl equation
(3-11)

yields
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(3-12)

The imaginary part, ε’’, of the complex permittivity accounts for losses due to damping
caused by the alternating polarization of molecules in a time-varying electromagnetic
field. The finite conductivity, σ, also contributes to the total losses within the dielectric,
which are expressed as the loss tangent

(3-13)

Since the electromagnetic fields in a DR are mostly contained within the dielectric
material, attenuating to negligible values at a distance small compared to the free-space
wavelength, the unloaded quality factor, Qu, is mainly due to the dielectric losses and can
be hence defined as
.

(3-14)

In general, ε’ is constant and ε’’ increases with an increase in frequency, hence the
Qu of a dielectric resonator is inversely proportional to frequency. Similarly, DR
bandwidth is inversely proportional to the quality factor. In the case of non-infinite εr,
external losses that may reduce the unloaded Q may be caused by radiation, tuning
mechanisms, adhesives used to support the resonators, and dissipation in a surrounding
metal shield. It has been suggested that eddy currents in an outer shield become
negligible for a shield 2-3 times larger than that of the resonator [30;57].

3.4.5

Temperature Stability

Of interest in any microwave resonator is its behavior with respect to
temperature. Two temperature effects of note in a DR are thermal expansion of the
material and varying dielectric constant. Solids expand with increase in temperature.
The linear coefficient of expansion, αL, relates the change in a material’s linear
dimensions to the change in temperature by

(3-15)

where L is the material’s linear dimension, ΔT is the change in temperature, and
pressure is assumed to be constant. Since an increase in temperature implies an increase
in length, the resonant wavelength will increase, thus causing a decrease in resonant
frequency.
The relative permittivity of a material also varies with temperature, linearly with
a first order approximation as
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,

(3-16)

where τε is the temperature coefficient of the dielectric constant. Since
is inversely
proportional to frequency, an increase in temperature causing an increase in εr will
consequently decrease the resonant frequency. (A method for measuring the
temperature dependence of the dielectric constant was suggested in [70].) Hence, the
resonant frequency of a DR will change as a function of temperature due to linear
expansion and the change in dielectric constant. The combined effect of both of these
factors is called the temperature coefficient for the resonant frequency, τf, which for the
TEmnp or TMmnp mode of a dielectric filled cylindrical metal cavity resonator is [11]
.

(3-17)

This equation is useful when to trying to temperature compensate a material by
modifying the composition or configuration. Since solids expand with an increase in
temperature (implies αL is positive), a temperature stable material needs to have a
negative value for τε. Other methods such as Stiglitz’s use of boron nitride as a heat sink
to stabilize a DR can also be used [72].

Chapter 4
High Q CaTiO3 Cylindrical Dielectric Resonators for
Magnetic Resonance Microimaging at 14 Tesla

4.1 Introduction
Magnetic resonance microscopy is typically performed using vertical bore
magnets with field strengths between 11.7 and 21.1 Tesla. As the frequency increases, the
design of efficient, low-loss resonators becomes increasingly challenging. Discrete
component losses, reduced conductor skin depth and increased radiation losses are all
effects which reduce the efficiency of conventional RF coils. For very small samples, high
efficiency solenoid coils can be used, but their high inductance limits their use for
dimensions greater than a few millimeters, and the high electric field within the sample
can cause heating in biological tissues. Lower efficiency transverse resonators such as
the birdcage or millipede are difficult, though not impossible, to construct at small
dimensions, and it is notable that only linear, rather than quadrature, versions of these
coils are commercially available at small dimensions, presumably due to manufacturing
difficulties.
As an alternative to these traditional designs, Neuberger et al. recently proposed
the use of high permittivity dielectrics for high field microimaging [13]. As described in
detail, this work built upon designs that have been used for many years in electron
paramagnetic resonance (EPR) [30-32;34-36] with operating frequencies well above
1 GHz. Dielectric resonators have also been used for larger scale MRI experiments [38],
although this particular study used water, which has a very low Q value and high loss, as
the dielectric material. In Neuberger’s initial study [13] the material used was barium
strontium titanate, which had a very high relative permittivity of 323 , but is relatively
difficult to machine and to procure. Due to these and other manufacturing constraints, a
two-disc arrangement was used with the sample placed between the two discs in a
direction perpendicular to the long axis of the discs, which is not the optimal geometry in
terms of available space for the sample or B1 homogeneity.
Extending upon this work a new contribution was made in which ceramic
resonators were designed from calcium titanate, which is much easier to machine and is
widely available at reasonable cost (<$100 per RF coil). By drilling a hole through the
center of the cylindrical resonator the magnetic field distribution of the resonator is used
more efficiently and comparatively larger samples, up to 4.5 mm in diameter, can be
investigated.
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4.2 Materials and Methods
A high relative permittivity material ensures both good energy storage and small
dimensions at high frequencies. Calcium titanate (CaTiO3) powder (Alfa Aesar, Ward
Hill, MA), specified εr=156, was chosen for this reason as well as for its wide availability,
low price ($70 per kg, each resonator requires ~175 g of powder) and ease of machining.
The relative permittivity of the material was measured to be 156.3 using the HakkiColeman post resonant method [68] and network analyzer. The major dimensional
constraint in terms of designing the dielectric resonators is the 8.9 cm diameter bore of
the vertical 600 MHz (14.1 T) magnet, which is further restricted by the inside diameter
of the gradients to 5.5 cm if imaging experiments are to be performed.

4.2.1

Electromagnetic Simulations

Three-dimensional CST (Computer Simulation Technology, Darmstadt,
Germany) Microwave Studio simulations were performed to determine the dimensions
of the dielectric resonators as well as to model their electromagnetic properties. The
resonator was simulated within a copper shielding tube of 5.5 cm diameter (representing
the thin copper Faraday shield in the final MR probe), and a coaxial loop probe with
waveguide port excitation was used to couple into the TE01δ mode of the resonator. A
single cylindrical dielectric resonator was modeled with a 4.8 mm diameter centrallylocated hole directed along the horizontal axis of the resonator, as shown in Figure
4-1(a), into which the sample is placed. It should be noted that this sample space
geometry is perpendicular to the arrangement shown previously [13], and this new
configuration orients the sample in a higher and more homogeneous RF field.

Figure 4-1 – (a) Schematic of the simulation setup for cylindrical ceramic resonator. (b) Photograph of the
assembled probehead. (c) Schematic showing the inductive feed with mutual inductance M used in
combination with the variable capacitor to achieve a 50 Ω match.
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An inductive coupling loop for impedance matching was placed just outside the
resonator, as also shown in Figure 4-1(a). Time domain simulations were performed
with the following parameters: relative permittivity 156, dielectric disc radius 2.325 cm,
and height 2.4 cm. Running a transient analysis yielded a resonance frequency of
602.4 MHz for the single cylindrical dielectric resonator. It should be noted that the
effect of the Faraday shield is quite significant on the resonant frequency, which is about
80 MHz lower in free space.

4.2.2

Resonator Construction and Characterization

The starting material was CaTiO3 powder, which was molded without an organic
binder into a cylindrical shape using a 2.25 inch diameter die. Forming was completed
using both an axial press (15,000 psi) and a cold isostatic press (25,000 psi). The
resulting green samples were then sintered in a furnace at 1500°C for four hours. Initial
testing showed that the powder had a lateral shrinkage of ~19% during sintering, and so
the radius was made accordingly larger than the final desired dimension. Once sintered,
holes were created in the ceramic discs using a 3/16 inch diameter diamond core drill. A
diamond surface grinding wheel was used to achieve the final desired height, which was
fine-tuned through experimental S21 measurements with a network analyzer (Hewlett
Packard HP8510C) using a standard two pickup-coil arrangement and a copper shielding
tube identical to that used on the actual MR probe as shown in Figure 4-2.

Figure 4-2 – Measurement setup for measuring the resonant frequency via S-parameter methods using a
standard two pickup-coil arrangement and copper shielding tube identical to that used on the MR
probebase.

The quality factor (Q) of the sintered ceramic resonator was measured according
to the technique described by Wakino [73]. With the sample centered in a silver cavity,
the S21 parameter on the network analyzer was measured. The resonant frequency of the
TE01δ mode was divided by the -3dB bandwidth. Several samples were measured, and
the results were averaged to give a Q value of 2081.
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The fabricated resonator was placed within acrylic formers and mounted in a
cylindrical probe body, as shown in Figure 4-1(b). Fine tuning of the resonators was
accomplished by asymmetrically positioning small pieces of copper foil on both sides of
the resonator faces as in [13]. This effectively raised the resonant frequency to
600 MHz. Impedance matching was performed with a small wire loop of diameter
1.48 cm and variable series capacitor to achieve a 50 Ω match: the mutual coupling
between the dielectric resonator and inductive loop is shown in Figure 4-1(c). The
unloaded Q was measured to be 1336 with a corresponding -3 dB bandwidth of 449 kHz,
approximately half that of the dielectric material itself.
A DC SQUID magnetometer was used to measure the magnetic susceptibility of a
117 mg sintered sample. The magnetic moment was measured over a temperature sweep
from 0-300 K. Figure 4-3 shows the resulting magnetic susceptibility normalized per
mole of sample. The magnetic susceptibility is linearly related to temperature in the
operating range of the current setup (15-20 °C). The value of the magnetic susceptibility
is similar to that of other materials used in probe construction (Teflon, acrylic), and so is
not expected to produce any significant image distortions. The cylindrical nature of the
resonator also represents the optimum geometry for a homogeneous static magnetic
field within the sample. The resonant frequency also shifts with temperature:
experimentally an increase of 4 MHz was measured as the temperature varies from 12.8
°C to 19.7 °C. For this reason it is necessary to let the dielectric resonators thermally
equilibrate within the experimental setup before starting any imaging experiments. No
measurable frequency shift was seen during the MRI experiments.

Figure 4-3 – Plot of magnetic susceptibility vs. temperature for CaTiO3, showing the paramagnetic nature of
the material.

4.2.3

Mapping the MR Magnetic Field

MRI experiments were performed using a Varian Direct Drive Console and a
Magnex 14.1 Tesla wide bore (89 mm) magnet. B1 mapping measurements were
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performed using a three-dimensional spin-echo sequence on a sample of water doped
with Gd-DTPA (T1 = 26 ms) using an incremental excitation pulse [74]. Fitting of the
Fourier transformation of the acquired signal using the standard equation for the signal
intensity of a spin-echo sequence produced a pixel-by-pixel estimate of the B1 values.

4.2.4

MR Microimaging

MRI experiments were performed on an ex vivo six week old zebrafish. After
euthanizing the fish, it was fixed in a 4% formalin solution for 24 hours. Prior to
imaging, the fish was placed into a phosphate buffered saline (PBS) with a 2% v/v GdDPTA (Magnevist) solution for two days to shorten the relaxation times and thereby the
total scan acquisition time: sodium azide was added as a biocide. The fish was then
placed inside a 4 mm diameter glass tube of length 2 cm and filled with a perfluorinated
liquid (FC43, 3M, MN) for the imaging experiment. The tube was centered within the
dielectric resonator, and a 3D spin-echo sequence (TR/TE 250/20 ms, spatial resolution
47 x 42 x 42 µm, four signal averages, total scan time 1 hour) was performed. Higher
spatial resolution (20 x 20 x 25 µm) experiments were also performed, using 12 averages
and took 16 hours to acquire.

4.3 Results

4.3.1

Electromagnetic Simulations

Figure 4-4 shows the simulated magnetic and electric fields for the cylindrical
dielectric resonator. As can be seen from the magnetic field distributions, the field is
strongest along the axial center of the dielectric and reasonably homogeneous
throughout the entire bore. From the electric field distributions it can be seen that the
field is at a minimum along the principal axis of the cylinder. This is an advantage of the
TE01δ mode, since the sample is placed in the center of the cylinder, and so sample losses
are minimized. It was noted that, from simulated data, the hollow bore configuration
does not appreciably affect the distribution of the fields compared to a single solid
cylinder. The simulated magnitudes of the magnetic field at the center of the dielectric
configuration for a solid cylinder vs. a hollow cylinder differ only by about 5%. The
introduction of a hollow bore to the dielectric cylinder also raises the resonant frequency
of the TE01δ mode by 2.4 MHz.
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Figure 4-4 – (a) Simulated magnetic field distribution for the dielectric resonator. (b) Corresponding
simulated electric field distributions.

The measured B1 maps for the cylindrical dielectric resonator are shown in Figure
4-5(b) and Figure 4-5(c). Line profiles along the major axes of the B1 maps are plotted
along with the corresponding CST simulated results. Field distributions along the
equatorial plane of the resonator have also been measured and are homogenous to
within 5% across the width of the sample (for the entire length of the resonator) of the
dielectric resonator, as also shown in Figure 4-5(a).

Figure 4-5 – (a) Comparison of simulated and experimental B1 values along the length of the sample. The
values are normalized to unity at the center of the resonator. (b) Central slice from the 3D B1 map of the
sample. The scale represents the B1 field in microtesla. (c) An axial slice of the B1 filed through the sample:
there is less than 5% variation across the sample.
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The 180° pulse width for the dielectric resonator configuration was 30 µs giving a
B1/√P of 294 µT/√Watts (the power at the input of the probe was measured directly to
account for losses from the cable from the amplifier and the transmit/receive switch).
For comparison, a loop gap resonator was constructed with equal length and inner
diameter to the dielectric resonator. The pulse width for this RF coil was approximately
25% larger than for the dielectric resonator.

4.3.2

Magnetic Resonance Imaging Experiments

The zebrafish (Danio rerio) is an important model for developmental and genetic
manipulation studies [75], since a large number of zebrafish mutations have been
produced that mimic human disorders. Recently, high resolution MR microscopy has
been used to provide high spatial resolution images of the adult zebrafish (at which point
it is no longer optically transparent) both ex vivo and in vivo [76], as well as localized
MR spectroscopy [77]. Resolutions of 78-137 µm were achieved using a conventional
birdcage coil at 9.4 T. The ceramic resonator was also used to acquire very high
resolution three-dimensional datasets of zebra fish with resolutions of 25-47 µm,
showing marked improvement in comparison with the standard birdcage coil used in
[76]. Figure 4-6 contrasts the difference in image quality with scan duration time.
Figure 4-7 shows a series of individual slices, and Figure 4-8 shows a surface rendering
of the entire data set from the zebrafish. For the highest resolution data set, a number of
different organs and structures can be visualized, as shown in Figure 4-9.

Figure 4-6 – (a) Single slice from a 3D data set acquired at a spatial resolution of 47x47x42 µm. (b) Single
slice from a 3D data set acquired at a spatial resolution of 25x20x20 µm.

Figure 4-7 – Sagittal (left) and axial (right) slices from 3D data set acquired at a spatial resolution of 25x20x20 µm.
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Figure 4-8 – Full 3D high resolution data set, volume rendered.

Figure 4-9 – Detailed mapping of structures and organs based upon the images acquired at a resolution of
25x20x20 µm.

4.4 Discussion and Conclusions
High permittivity ceramic resonators are compact, mechanically stable, high Q,
low loss devices that can be designed to be high sensitivity detectors for high field
magnetic resonance. The magnetic susceptibility is similar to many plastics and other
materials used for traditional RF coil design. The separation of electric and magnetic
field components makes the design particularly suitable for lossy, biological samples.
The dimensions of the resonator are determined by the dielectric constant of the
material and the frequency of operation. As a new contribution to this research area,
simple-to-design resonators made of commercially available materials have been shown
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to be useful at operating frequencies as low as 600 MHz making optimal use of the
available B1 field as well as showing resolution improvements when compared with a
conventional birdcage coil. It is anticipated that this type of resonator will become even
more useful, and of course more compact, at higher frequencies such as the 900 MHz
wide-bore microimaging system at the National High Magnetic Field Laboratory and
planned next-generation 1.3 GHz magnets at a number of different institutions.

Chapter 5
MR Microimaging with a Cylindrical Ceramic Dielectric
Resonator at 21.1 Tesla

5.1 Introduction
Magnetic resonance (MR) microscopy (MR having resolution less than 40
microns) for the imaging of ex vivo and in vivo tissue typically relies on vertical wide
bore magnets with high magnetic fields from 11.7 T to 21.1 T. Higher field strengths offer
improvements in signal-to-noise ratios (SNR), which can in turn be used to obtain higher
spatial resolution and lower image acquisition times. A major concern when operating at
such high fields and frequencies (up to 900 MHz for 1H proton imaging) is the design of
efficient radio frequency (RF) coils. High frequency operation is associated with
increased radiation losses, increased component losses, and a reduced skin depth at
frequencies larger than a few MHz. Therefore, minimizing the number of components
and simplifying coil geometry when designing resonators for magnetic resonance
microscopy is critical for effective imaging results [13;78].
Dielectric resonators have been used for many years in electron paramagnetic
resonance (EPR) at frequencies greater than 1 GHz [37], and were first suggested for use
in human MRI experiments with water as the dielectric [38]. Recently, the use of high
permittivity ceramic dielectric resonators (DRs) for high field microscopy has been
proposed [13;79]. In such MR applications relative improvements have been noted in
quality factor (Q), B1 homogeneity, and SNR with respect to more conventional coils. In
this study, a cylindrical ceramic dielectric resonator similar to [79] is designed,
constructed, and evaluated for operation at 21.1 T (Larmor frequency of 900 MHz for 1H)
for MR microimaging. The calcium titantate (CaTiO3) material used provides a high
relative permittivity (εr=166) with low loss properties. Evaluations of conventional
Alderman-Grant (AG) [80] and loop gap (LG) [81] coil configurations were performed
for comparison purposes. Alderman-Grant coils are successful in reducing electric fields
in lossy samples through capacitive segmentation and have high tenability and high Q;
however, they have limited B1 homogeneity and poor transparence to transverse
magnetic flux. Loop gap resonators exhibit excellent RF homogeneity, high Q, high
filling factor, and a self-resonant frequency well above the NMR range; however,
performance is limited at lower frequencies such as 15N. The dielectric resonator was
used for high resolution 3D imaging on an excised mouse spinal cord and rat soleus
muscle to demonstrate the capabilities of the DR design.
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5.2 Materials and Methods
As in [79] calcium titanate (Alfa Aesar, Ward Hill, MA) was chosen as the DR
ceramic for its high relative permittivity (εr=166), low loss, ease of machining, and low
cost ($70/kg). (It should be noted that this is not the exact same batch of powder as
used in [79], which accounts for the slight difference in permittivity.) Furthermore, this
ceramic shows improvements over a previous DR design at 14.1 T using barium
strontium titanate (Ba0.04Sr0.96TiO3, εr = 323) [13].

5.2.1

Electromagnetic Simulations

Electromagnetic simulations were conducted using CST Microwave Studio
(Computer Simulation Technology, Darmstadt, Germany) in order to determine the
dimensions necessary for a cylindrical dielectric resonator made of CaTiO3 to have a
TE01δ operating frequency at 900 MHz. Energy was coupled into the resonator’s lowest
mode using a coaxial inductive loop probe excited by a waveguide port. The DR was
modeled inside a copper Faraday shielding tube of inner diameter 3.8 cm (same
dimensions as the inner diameter of the available gradient set). A hole was also included
on the DR’s rotational axis, creating a hollow bore, to allow space for a future sample.
Time domain transient simulations were performed for a ceramic resonator with
parameters εr = 166, tanδ = 1.08, height = 1.43 cm, radius = 1.5 cm, and hole diameter =
4.8 mm inside the aforementioned copper shield. This configuration achieved a TE01δ
mode resonance at 874.8 MHz according to S11 parameter calculations. The resonant
frequency is estimated to be ~85 MHz higher than the DR in free space due to the
presence of the Faraday shield, which effectively raises the resonant frequency, as
expected by cavity perturbation theory [11]. It should be noted that this frequency is
lower than the desired operating frequency of 900 MHz; however, it can effectively be
raised in practice by appropriate fine tuning methods.

5.2.2

DR Construction and Bench Characterization

Construction procedures given in [79] were identically used to form the dielectric
resonators for this application. The only difference of note is that the cylindrical die used
for forming the green powder had a diameter of 1.5 inches, accounting for lateral
shrinkage of this powder of ~20% over the duration of the construction process. A hole
was created post-sintering in the DR using a 3/16 inch diameter diamond core drill bit,
and fine tuning and polishing was accomplished using a diamond surface grinding
wheel.
The unloaded quality factor of the dielectric resonator was measured while it was
inside a cylindrical copper tube of diameter 3.8 cm to model the shielding environment
of the actual NMR probe. In order to measure the quality factor, a standard two pickup
coil arrangement described by [73] was used to perform S21 measurements using a
network analyzer (Hewlett Packard HP8510C). The resonant frequency of the TE01δ
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mode and -3 dB bandwidth were measured for several samples and averaged. The
corresponding Q value was then calculated by dividing the average resonant frequency
by the average -3 dB bandwidth, yielding an unloaded Q value of 940 for the untuned
resonator.
As shown in Figure 5-1, the fabricated resonator was placed inside acrylic formers
and mounted on a probe base where it was mutually coupled and impedance matched to
50 Ω with a capacitively tuned copper loop probe. Fine tuning of the resonant frequency
was accomplished by asymmetrically placing pieces of copper along the cylindrical faces
of the DR as in [13;79]. This effectively brought the resonant frequency of the DR to the
desired operating value of 900 MHz. The unloaded quality factor of the tuned circuit
was calculated using S11 measurements and dividing the tuned resonant frequency by the
-7 dB bandwidth, resulting in an unloaded Q value of 646.

Figure 5-1 – Photograph of the assembled dielectric resonator probehead for operation at 900 MHz without
the presence of the shielding tube.

During imaging experiments, a ~1.5 MHz frequency increase from equilibrium
was observed, likely due to the heating of the resonator by the gradients. This problem
was accounted for by running some “dummy” scans until the frequency stabilized and
then retuning the coil for the imaging experiments.

5.2.3

Coil Comparisons and MR Microimaging

Imaging was performed on a 21.1-T, 105-mm ultra-widebore vertical magnet
equipped with a Bruker Avance III console and Micro2.5 microimaging gradients. The
dielectric resonator probe was compared to AG and LG configurations built with equal
physical lengths and inner diameters (~4.5 mm) to have the same available sample
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volume. Both DR and LG coils were inductively coupled while the AG was capacitively
coupled. Biologically relevant samples with different loads, including deionized water
(DI, 0-mM NaCl), phosphate buffered saline (1xPBS, 140-mM NaCl), and artificial
seawater (ASW, 460-mM NaCl) were tested. Signal-to-noise ratios (SNR) and B1 flip
angle maps (indirect measure of the B1+ field homogeneity through double-angle
methods [82]) were used to evaluate DR performance at 900 MHz and for comparison
between coils. SNR measurements were taken on a single slice from axial and coronal
acquisitions using the RARE (spin-echo) sequence. The coronal acquisitions were
preferable to the axial acquisitions because well digitized noise was apparent in all areas
surrounding the sample and it displayed more consistent data. FLASH (gradient-echo)
sequences were run with 60˚ and 120˚ tipping angles in order to produce the tip maps.
High resolution 3D imaging was also performed on both an excised mouse spinal cord
and a rat soleus muscle.

5.3 Results

5.3.1

Electromagnetic Simulations

Figure 5-2 shows the magnetic and electric field distributions of the CST
simulation results. The properties of the dielectric resonator (high permittivity which
encourages high energy storage) allow for highly concentrated fields. The B1 field is
strong in proximity to the sample space and is also highly homogenous. The resulting
electric field is limited only to the dielectric and does not penetrate into the hollow bore
where the sample is to be located, thus limiting sample losses.

Figure 5-2 – (a) Magnetic field vectors at instant where the field is at a maximum. (b) Electric field vectors
at instant where the field is at a maximum. This is +90˚ out of phase with the magnetic field as shown.
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5.3.2

Coil Comparisons

Bench Q measurements are shown in Figure 5-3. The Q values for the DR are
roughly five times higher than for the Alderman-Grant and Loop-Gap coils. The Q
values are smaller than those corresponding to the 600 MHz CaTiO3 resonators reported
in [79], which is expected since the Q factor of a material is inversely proportional to
frequency [11]. Also, the shielding tube is closer to the 900 MHz resonators than it was
for the 600 MHz resonators, potentially inducing eddy currents along the shield, which
would also contribute to a decrease in Q. From Figure 5-3 it can be seen that Q values
decrease with heavier loads as expected.
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Figure 5-3 – Bench Q measurements for dielectric resonator, Alderman-Grant, and loop-gap coils for
progressively heavier loads: unloaded, deionized water (DI, 0-mM NaCl), phosphate buffered saline (1xPBS,
140-mM NaCl), and artificial seawater (ASW, 460-mM NaCl).

SNR data is slightly lower for a DI load in the DR coil than in the AG and LG
coils; however, the SNR decreases less with increasing load for the dielectric resonator
than for either the AG or LG resonators. While the DR shows a decrease in SNR of 2-5%
with the transition from a DI load to either a PBS load or ASW load, the AG and LG coils
show the SNR decreases by more than 20% with corresponding heavier loading. Since
the SNR values remain more stable with the DR than for either the AG or LG coils, this
indicates the electric fields in the sample are much fewer for the DR than for the other
two coil configurations. An advantage of this is that sample heating is reduced during
imaging experiments.
Flip angle maps, seen in Figure 5-4 and Figure 5-5, validate the superior
homogeneity of the DR. Figure 5-4 shows axial mappings for the 1xPBS load and the DR
clearly has a more uniform distribution than that of the other two resonators. Figure 5-5
displays coronal mappings for all three resonators under DI, 1xPBS, and ASW loading
conditions and shows an evenly distributed excitation throughout the entirety of the
sample’s coronal cross-section for the DR, which is not consistent in the other loaded
coils.
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Figure 5-4 – Axial flip angle maps for 1xPBS load in dielectric resonator (DR), Alderman-Grant (AG), and
loop-gap (LG) coils demonstrate the comparative homogeneity of the dielectric resonator coil.

Figure 5-5 – Coronal flip angle maps for DI, phosphate buffered saline (1xPBS, 140-mM NaCl), and artificial
seawater (ASW, 460-mM NaCl) loads in dielectric resonator (DR), Alderman-Grant (AG), and loop-gap (LG)
coils shows an evenly distributed excitation throughout the entirety of the sample’s coronal cross-section for
the DR, which is not as consistent in the other loaded coils.
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5.3.3

Imaging Experiments

Figure 5-6(a) shows a 3D FLASH image of an excised ALS mouse spinal cord at
25 µm isotropic resolution, and Figure 5-6(b) shows a 3D FLASH image of a rat soleus
muscle with an isotropic resolution of 20 µm acquired in approximately 3.5 hrs. These
images demonstrate the high sensitivity and homogeneity of the DR in that little noise is
present and the signal is uniform throughout the sample showing no intermittent dark or
light spots.

Figure 5-6 – (a) Excised ALS mouse spinal cord at 25 µm isotropic resolution. (b) Excised rat soleus muscle
at 20 µm resolution.

5.4 Discussion and Conclusions
In order to reap the benefits of high-field MRI, coil design must be optimized to
overcome electrical and sample effects present at higher frequencies. Ceramic dielectric
resonators show promise by providing: (a) a more uniform magnetic B1 field that
excludes the electric field from the sample; (b) high Q values from inexpensive, low
dielectric loss of ceramics; and (c) consistent SNR performance over a range of sample
loads. Although offering SNR enhancements for only heavy loading conditions, ceramic
DRs performed more consistently with respect to homogeneity and sensitivity over
conventional AG and LG designs at high field. High resolution 3D muscle tissue imaging
at 20 µm (Fig. 2D) displays a uniform distribution in signal without the appearance of
any hot spots. This homogeneity agrees with the uniform distribution in magnetic field
seen in flip angle maps. These results validate the potential of dielectric resonators for
high resolution imaging at high fields.

Chapter 6
New High Dielectric Constant Materials for Tailoring the
B1+ Field Distribution at High Magnetic Fields

6.1 Introduction
Sample-induced inhomogeneities in the distribution of electromagnetic (EM)
energy at high magnetic fields are well-documented [83-89]. These inhomogeneities
arise primarily from the dielectric properties of tissue, which result in partial
constructive and destructive RF interactions from complex wave behavior. The effective
wavelength of EM energy in tissue is ~13 cm at 7 Tesla and ~11 cm at 9.4 Tesla. The
brain, therefore, has dimensions similar to the EM wavelength, and the abdomen has
dimensions considerably larger than the EM wavelength at these field strengths.
Standard volume resonators geometries, such as the birdcage [90] and the transverse
electromagnetic mode (TEM) [91], which produce homogeneous transmit and receive
fields at low magnetic fields, cannot produce the same homogeneous fields as the static
magnetic field increases [83;84]. These geometries are designed such that the current
elements on opposite sides of the resonator are equal in magnitude but opposite in
phase. If the sample within the resonator is greater than a wavelength, then areas of
destructive interference must occur. Manipulating the geometric distribution of EM
fields within the human body has a long history of both theoretical and experimental
development, driven primarily by the field of therapeutic hyperthermia [92-95];
therefore, one solution to at least partially solving the inhomogeneous EM distribution
for high-field magnetic resonance is to drive each element separately with a variable
magnitude and phase, the so-called transmit-array approach [84;96-100]. Other
approaches involve the design of specialized radiofrequency (RF) pulses [101;102], or the
combination of these two approaches of RF pulse design and transmit arrays [103-107].
An alternative, though ultimately perhaps complementary, and very simple
approach to “directing” the transmit RF field has been demonstrated by Yang et al. [12]
at 7 Tesla using water bags placed around the head. The use of pads with high dielectric
constant has also been demonstrated at 3T and is in common clinical practice at many
institutions for routine body imaging at 3T. For example, Sreenivas [108] used four-litre
bags filled with water, doped with between 20 and 50 mM manganese salts to reduce the
T2 value of the pads so that they were not visible on long echo-time sequences. Similar
work has been reported in phantoms by Takayama et al. [109] and Sunaga et al. [110],
who designed a gel with dielectric constant similar to tissue for improved impedance
matching to human skin. The basic mechanism by which the RF spatial distribution can
be altered using such external high-dielectric structures, summarized from Yang et al.
[12], follows from Maxwell’s equation:
(6-1)
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where H is the magnetic field, JC the conductive current density, JD the displacement
current density, σ the conductivity, E the electric field, and εr and ε0 the relative
dielectric constant and that of a vacuum, respectively. The incorporation of an external
high-dielectric material results in high displacement currents within this material, which
in turn produces an additional RF field close to the material.
Pads in current use have a relative dielectric constant of ~60, and since they
contain significant paramagnetic concentrations, can cause significant signal loss in
adjacent tissue in single-shot or long echo-time gradient-echo sequences. Particularly
for studies at high magnetic fields, one would ideally like a material that has a dielectric
constant higher than water (but that also offers the possibility to be tailored in value), a
low background signal without paramagnetic doping, and one that can be geometrically
deformed in order to adapt to different patient sizes.
With respect to obtaining higher dielectric constants, recently RF coils were
designed for microimaging studies at 600 MHz using ceramic dielectric resonators
[13;79]. These resonators were constructed from cold-pressed and high-temperaturesintered samples of barium strontium titanate (Ba0.04Sr0.96TiO3) [13], which has a very
high relative permittivity of 323, and calcium titanate [79], which has a relative
permittivity of 156. Although these materials have a very high dielectric constant when
they are pressed and sintered, the values for the loose green powders are much lower,
since the volume ratio is only ~60% [111;112], i.e. 40% of the volume of a given sample is
air, which has a very low dielectric constant (εr≈1). However, by creating a suspension
with deionized water, the dielectric constant can be increased, with a value that can be
tailored by the appropriate composition of the suspension. Initially, we have
concentrated on the use of calcium titanate due to its wide availability and low cost. The
properties of these slurries, as expanded in later sections, are: (i) a high dielectric
constant between 100 and 120, (ii) a low background signal due primarily to short T2
and T2* values, but also to a reduced water content, and (iii) a geometrically deformable
but stable suspension.

6.2 Materials and Methods

6.2.1

Material Characterization

Calcium titanate (CaTiO3) (Alfa Aesar, Ward Hill, MA), specified εr = 165, is
available as a fine powder with a density of 4.1 g/cc. CaTiO3 was mixed with distilled, deionized water in volume/volume ratios up to 40%, at which point the mixture becomes
saturated. The dielectric constants and loss tangents were measured as a function of
frequency between 100 and 400 MHz using a dielectric probe kit (85070E, Agilent
Technologies, Santa Clara, CA) and S11 measurements on a network analyzer. The
suspension was packed into a plastic bag with dimensions 18 x 18 x 2 cm.
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6.2.2

Magnetic Resonance

All MRI experiments were performed on a Philips Achieva whole body 7T system.
The transmit head coil (NM-008A-7P, Nova Medical, Wilmington, MA) is an activelydetunable quadrature birdcage, with sixteen elements (each 2.5 cm wide), inside
diameter 29.2 cm, outside diameter 37.5 cm, and physical length 26 cm. The B1 field
homogeneity is defined as 15% over a 16 cm3 diameter of spherical volume (DSV), with
superior-inferior coverage of 16 cm. The 16-channel receive phased array (NMSC025-167P, Nova Medical, Wilmington, MA) consists of eight radially gapped rows of zoverlapped coil pairs, with inner diameter 25.5 cm. Three-dimensional B1 maps were
acquired using a double-TR method with values TR1=20 ms and TR2=100 ms. High
resolution susceptibility-weighted scans were based on parameters derived in [113]:
gradient echo sequence with flow compensation, TR/TE/flip angle 750/25 ms/45o, 0.25x
0.25 x 1 mm spatial resolution, and 22 slices.
The relaxation time values for the dielectric material were estimated by placing
the bag in the centre of the head coil to ensure a homogeneous B1 field throughout the
sample. T1-measurement used an inversion-recovery turbo gradient-echo sequence with
centric phase encoding: the inversion time was varied to find the value which minimized
the signal intensity. T2-measurements used a series of spin-echo images, each with a
different TE value. T2* values were estimated using a variable echo time gradient echo
sequence.

6.3 Results

6.3.1

Material Characterization

Figure 6-1 shows measured values of the relative dielectric constant (real and
imaginary components) and loss tangent, as a function of frequency, for different volume
fractions of CaTiO3. The dielectric constant is complex, and is given by:
(6-2)

The loss tangent (tan δ) is defined as:
(6-3)

As can be seen from Figure 6-1, for pure water the real component of the
dielectric constant does not vary with frequency, and the imaginary component is much
smaller than the real one. The imaginary component, and therefore also the loss
tangent, increases with frequency. This behavior is well-known, and has been described
in detail in the context of very high field (>20 Tesla) superconducting high-resolution
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NMR probe design [114]. Similarly, the decrease in the imaginary component of the
CaTiO3/H2O mixtures is expected.

Figure 6-1 – The real (a) and imaginary (b) relative dielectric constant of different ratios of calcium titanium
oxide and de-ionized water as a function of frequency. (c) Corresponding values of the loss tangent.

As discussed by Sihvola [115], in assigning a single effective dielectric constant to
a mixture of two different materials, one assumes that the mixture responds to EM
energy as if it were homogeneous. In practice what this means is that the size of any
inclusion in the mixture does not exceed one-tenth of the wavelength in the effective
medium. In this regime, which is easily met by a suspension of very small CaTiO3
particles in water, theoretical values of dielectric constant as a function of the volume
fraction of CaTiO3 can be calculated using simple mixing rules, which can be derived
using static or quasi-static assumptions. There are a large number of mixing rules [115],
but for this particular case the most appropriate is Lichtenecker’s logarithmic power law:

.

(6-4)

This law allows for a comparison of theory with measured data. Figure 6-2 shows the
results of fitting Equation (6-4) to the measured data. It should be noted that the data
points corresponding to 10% and 15% CaTiO3 do not fit the power law particularly well
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due to the physical difficulty of producing a stable suspension at such low volume
concentrations: the probe measurements are made at the top of the suspension, so this
means that the measured values are underestimates.

Figure 6-2 – Plot of the real component of the dielectric constant vs. the volume fraction of CaTiO3 in deionized H2O. The dotted line represents Lichtenecker’s logarithmic power law, with the crosses being
measured data points. The two circled data points are underestimated due to the difficulty in obtaining a
stable suspension for the duration of the measurements.

6.3.2

Magnetic Resonance

Using the sequences outlined in the Methods section, the T1 value for the
dielectric pad was estimated to be 110 ms, the T2-value 12 ms, and the T2* value less than
2 ms. The shortening of the transverse relaxation times in a suspension is very familiar
from the field of porous media magnetic resonance. Figure 6-3 shows the results of the
first imaging experiments using the new dielectric material. The bag was placed on one
side of the volunteer’s head, and a low tip angle three-dimensional gradient echo image
acquired with whole-brain coverage. Figure 6-3(a) shows a coronal slice through the
temporal lobe region. Even with a very short echo time, the signal from the dielectric
bag is below that of the brain tissue. This removes many of the problems associated with
pure water or gel-bags. These include using a lower than optimal receiver gain (causing
dynamic range issues), and difficulties with the automatic resonance frequency
determination and shimming routines used on most clinical scanners. Very evident is a
significant difference between the areas close to the dielectric materials, and those areas
on the contralateral side of the brain. The difference in image contrast between gray
matter (GM) and white matter (WM) is indicative of a large difference in the strength of
the RF transmit field: a very low tip angle will effectively result in a proton-densityweighted image with very little contrast since the proton-density for GM and WM is very
similar. The higher the B1 field, the greater the GM/WM contrast due to different T1
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values. The difference in signal intensities from the two areas in Figure 6-3(a) come
from the effects of both transmission and reception. Figure 6-3(b) shows the same data
set, reformatted into an axial plane. Signal increases of between 70% and 140% were
measured for different regions of the temporal lobe.

Figure 6-3 – Coronal (a) and axial (b) low-resolution gradient-echo scans with the dielectric material on one
side of the head, TR/TE/FA 4.6 ms/2.2 ms/5˚, 1.5x1.5x2 mm. Targeted areas within the white circles show
significant increases (between 70% and 140%) in signal-to-noise ratio.

In order to compare results between a standard gel and the new dielectric material,
equally sized bags were placed on the left and right side of a volunteer’s head. A series
of axial scans were acquired, again encompassing the temporal lobe region. Figure 6-4
shows the images, which show not only a higher signal intensity from the area closest to
the new dielectric material, but also the much lower background signal from the material
compared to the standard gel bag.
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Figure 6-4 - An axial slice taken just above the level of the temporal lobe. A bag containing the 40% CaTiO3
suspension is placed on the left of the head, with a gel bag on the right. A signal projection taken at the level
of the dotted line is shown above the image. The image shows a greater signal from the area closer to the
CaTiO3 bag, and also a reduced background signal compared to the gel bag. Image acquisition parameters:
gradient-echo sequence, TR/TE/nominal flip angle 12 ms/5 ms/ 15o, 220 x 220 data matrix, 1x1 mm inplane spatial resolution, 3 mm slice thickness.

One of the main applications of high-field neuroimaging is the characterization of
neurodegenerative diseases such as Alzheimers, Parkinsons and multiple sclerosis
[116;117]. In addition to the higher spatial resolution possible at high field, the use of
long echo-time susceptibility-weighted and phase imaging [113;118] has produced
images with very high contrast, particularly in areas of diffuse iron deposition, which is
associated with many such diseases. Figure 6-5 shows an example of this type of very
high resolution susceptibility-weighted image acquired from a volunteer. The signal
from the dielectric bag is effectively in the noise level. Again, there is a significant
increase in image quality in the area of the brain close to the bag: there is a much lower
image contrast in the contralateral side.
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Figure 6-5 – High resolution susceptibility-weighted scan, showing the signal from the dielectric bag (dotted
line and arrow) at noise level. The solid arrows show the increase in B1 field (right solid arrow) compared to
the contralateral side (left solid arrow). TR/TE/FA 750/25 ms/45˚, 0.25x0.25x1 mm, 22 slices.

6.4 Discussion and Conclusions
We have characterized a new high-dielectric material using calcium titanium
oxide which allows tailoring of the RF field at high field. In the head, the high dielectric
constant is particularly effective at improving image quality in areas, such as the
temporal lobe, usually associated with low signal intensity. In addition to the high
dielectric constant, the new material produces a very low background signal intensity,
without the need for paramagnetic doping. The 40% volume fraction of dielectric
material produces a stable suspension (over many months at least) which can easily be
formed to fit around the patient’s head within a commercial head-coil. A number of
applications and future developments can be considered. Localized spectroscopy in the
temporal lobe is potentially very useful in the study of neurodegenerative diseases, since
this is an area which is known to be involved in the early stages of plaque development.
Pulse sequences for acquiring such spectra involve at least three slice selective RF pulses
for localization, either three 90o pulses for stimulated echo acquisition mode (STEAM) or
one 90o and two 180o pulses for point resolved spectroscopy (PRESS). Since these are
slice selective, adiabatic pulses cannot be used, and so the signal-to-noise is highly
dependent on having a strong B1 field. As a result, spectroscopy in such areas is very
challenging, and has not been implemented at high fields. Based on the results shown
here, we anticipate a significant increase in sensitivity by using a suitable geometry of the
new dielectric material placed next to the head. In addition, a number of extra pulses are
involved in water suppression, and the quality of water suppression is improved by
having a stronger, more homogeneous B1 field.
The incorporation of powdered materials with even higher dielectric constant
may well enhance these effects yet further. For example, as outlined earlier, BaSrTiO3
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(Ba0.04Sr0.96TiO3) has a relative dielectric constant of 323, and has been used
successfully to construct microimaging resonators [13]. However, it is to be anticipated
that if the dielectric constant becomes too high, or the geometry/size of the bags is close
to a resonant situation [13] then a significant B1 field may be stored within the dielectric
material itself. Given the ability to tune the dielectric constant by simple variation in the
composition of the suspensions, and in analogy to impedance matching in microwave
and optical applications, the optimum RF distribution may well be achieved by using
different layers of materials with different dielectric constants.
Finally, it should be stressed that this approach can be viewed as complementary
to other methods, such as the use of transmit arrays, which have already shown
extremely high promise for whole body applications at 7T and above [84;96;98;100].
However, all published images still show significant image non-uniformities. The
combination of such transmit arrays with high dielectric materials adds yet another
degree of freedom with which to tackle this challenging problem.

Chapter 7
Future Research

7.1 Introduction
This chapter presents some recommendations for further study and
experimentation for high permittivity dielectric materials for use in MRI.

7.2 Dielectric Resonators

7.2.1

Analyses

Some experiments that may be useful to conduct include a comparison of the
single hollow bore to double stacked hollow bore DR configurations, varying the source
of energy coupled into the dielectric resonator, and a comparison of different radius to
height ratios for dielectric resonators with the same operating frequency. Preliminary
CST simulations support the use of a single hollow bore to a double stacked hollow bore
DR configuration in that the magnitude of the magnetic field is greatest at the center of
the single hollow bore configuration. However, the double stacked configuration allows
for the coupling excitation loop to be placed between the disks, which from preliminary
testing seems to produce better results than when placed outside the two disks as is
obligatory in the single hollow bore configuration. More methodical testing should be
performed before meaningful conclusions can be drawn. Other sources of energy that
could be tested to couple into the dielectric resonator include the use of a microstrip line
and/or waveguide. A comparison of different radius to height ratios for dielectric
resonators with the same operating frequency would be useful if there is a ratio that
optimizes the energy stored within the dielectric resonator for a given sample space.

7.2.2

Modifications

Some simple modifications could also be made to previous dielectric resonator
designs [13;79;119]. Making resonators of various hollow bore dimensions would
improve the filling factor for samples of various corresponding sizes. Bores permitting
NMR tubes of outer diameters 0.5 mm and greater would be useful for imaging a variety
50
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of biological samples. It must be kept in mind that the magnetic field will decrease in the
center of the resonator as the bore diameter increases. Also, as the size of the bore
becomes a more significant fraction of the dimensions of the resonator, it will be
increasingly difficult to drill without cracking the resonator itself.
The current design could also be modified by drilling multiple holes inside the
resonator so that samples can be imaged in parallel. The 600 MHz CaTiO3 resonator
discussed previously [79] could be slightly modified to include up to three holes along
the longitudinal axis of the resonator as shown in Figure 7-1. This figure shows CST
(Computer Simulation Technology, Darmstadt, Germany) Microwave Studio simulation
results for (a) a solid dielectric resonator, (b) a dielectric resonator with a hollow bore,
(c) a dielectric resonator with three holes in the same longitudinal plane, and (d) a
dielectric resonator with three holes in an equilateral triangle configuration when
looking into the cylindrical plane of the resonator. Each resonator is of the same
dimensions as given in [79], and all holes are of equivalent diameter: 3/16 inch. This
figure displays the resonant frequency in MHz as well as the magnetic field, H, in A/m
for each configuration. From this figure it can be noted that the presence of one hole
does not appreciably affect the magnetic field distribution or the relative strength of the
magnetic field. However, there is a distributional difference with the three-hole
configurations as well as a noticeable difference in strength of the magnetic field.
Although the magnetic field is higher in each hole for the aligned configuration in (c), the
triangular configuration in (d) has the same magnetic field magnitude for each hole. A
configuration as in (d) that accounts for uniformity in the magnetic field strength across
multiple holes is desirable so that samples being imaged in parallel (one in each hole for
the same scan) are theoretically being subject to the same B1 field strength, and the
resulting images can then be compared across the samples.

52

Figure 7-1 – CST MWS simulation results for (a) a solid dielectric resonator, (b) a dielectric resonator with a
hollow bore, (c) a dielectric resonator with three holes in the same longitudinal plane, and (d) a dielectric
resonator with three holes in an equilateral triangle configuration when looking into the cylindrical plane of
the resonator. Each resonator is of the same dimensions with equivalently sized holes. This figure displays
the TE01δ frequency as well as the magnetic field, H, for each dielectric resonator configuration.

A few attempts have been made to construct a resonator with multiple holes and
have failed due to structural difficulty in drilling three holes through the entire 2.4 cm
thickness of the resonator without stress induced breakages. Perhaps resonators of
smaller thickness and multiple holes may be constructed and then stacked to achieve the
final desired height.
One problem that has been observed with the dielectric resonators previously
constructed from CaTiO3 and BST is that they are temperature sensitive, which can cause
the resonant frequency to drift over the course of an imaging experiment. Reducing the
material’s temperature dependence is desirable provided that the high permittivity can
be maintained.

7.2.3

Extensions

Unfortunately, dielectric resonators do not appear to be practical for use in
human imaging if the resonator is to be used in a configuration analogous to those
previously presented at 600 and 900 MHz. The graph shown in Figure 7-2 shows the
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simulated TE01δ mode frequencies of a dielectric resonator for different relative
permittivities for a fixed radius to height ratio of 0.5. From this graph it can be seen that
dielectric resonators can be used at various frequencies spanning the MHz to GHz range.
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Figure 7-2 – Frequency vs. radius for solid dielectric resonators of varying permittivity for fixed radius-toheight ratios of 0.5. The frequencies points are simulated values from CST (Computer Simulation
Technology, Darmstadt, Germany) Microwave Studio.

Previously investigated ceramics at 600 MHz and 900 MHz were calcium titanate
(εr = 156) [79] and BST (εr = 323) [13]. Another ceramic of interest is titanium dioxide
(TiO2, εr ≈ 80), which is readily accessible. If TiO2 was used as the dielectric resonator’s
material, dielectric cylinders would require a radius of about 5 cm to operate at 300
MHz. These cylinders could be used for human imaging at this frequency. Based on the
sheer size of these resonators and the size of the bore necessary for a human body part to
fit inside the resonator, the application of resonators for human imaging becomes an
unlikely option. For a 10 cm diameter resonator, a very substantial portion of the
resonator’s core would have to be removed to be able to image anything other than a
finger. Removing a large proportion of the core will significantly affect the strength of
the field as well as be difficult to construct from a mechanical perspective. Additionally
the resonator would be quite heavy. Although an array configuration of dielectric
resonators could be of interest, the fact that the fields are largely contained within the
higher permittivity ceramic material is a challenge. Resonators of smaller dimensions
could be constructed for various higher frequencies of interest such as 750 MHz (17.6 T)
and 500 MHz (11.7 T).
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7.3 B1+ Field Tailoring
In order to extend the high permittivity materials work for B1+ field distribution
tailoring [120], several investigations could be performed. The first would be to use a
dispersant in the ceramic material slurries. Higher permittivity ceramic materials could
also be used as the base powder, and particle packing theory may be of use in order to
achieve a denser mixture.

7.3.1

Agglomeration Reduction through Dispersant Use

Solid particles have a propensity to agglomerate, i.e. to adhere to one another
forming a cluster. Small particles are particularly prone toward agglomeration due to an
increased surface area, a lower particle mass, and a greater significance of the shortrange weak forces such as electrostatic fields, moisture, and surface absorption [121].
Agglomeration inhibits particle packing (assembling of particles into a given space),
hence when making a dielectric slurry, the tendency of a given ceramic material to
agglomerate will affect the saturation point or maximum volume/volume ratio of powder
to liquid that is able to be achieved for the given suspension. A couple of non-chemically
altering ways to reduce the amount of agglomerate masses are through ultrasonication or
through ball milling. Agglomerates can also be broken up though use of a surfactant
acting as a chemical dispersing agent or dispersant. Darvan 821-A is composed of
ammonium polyacrylate and is an effective dispersing agent for ceramic particles.
Preliminary experiments were performed adding Darvan 821-A to CaTiO3-DI
H2O slurries in order to increase the volume percentage of CaTiO3 that was able to be
added to the slurry before it saturated. CaTiO3-DI H2O slurries were made with volume
fractions of CaTiO3 up to 40% at which point the suspension saturated. Then Darvan
821-A was added a drop at a time to the saturated slurry until the mixture appeared to be
unsaturated once again. More CaTiO3 powder was then added to increase its volume
fraction. The dielectric constant was then measured using s dielectric probe kit (85070E,
Agilent Technologies, Santa Clara, CA) and S11 measurements on an HP 8501 network
analyzer. These results are shown graphically in Figure 7-3. As seen from the graph, the
addition of Darvan 821-A dispersant is successful in increasing the content of CaTiO3 to
50%, which corresponded with an increase in dielectric constant to 124 for the 50%
CaTiO3 suspension.
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Figure 7-3 – Plot of the real component of the dielectric constant vs. the volume fraction of CaTiO3 with and
without Darvan 821-A dispersant in deionized H2O. The solid line represents Lichtenecker’s logarithmic
power law. The violet crosses are the measured data points for CaTiO3 slurry compositions without
dispersant. The green squares are the measured data points for CaTiO3 slurry compositions including
Darvan 821-A dispersant, showing the possible increase in permittivity through use of a dispersant.

One observation that can be made when comparing the permittivity
measurements of the slurries to that predicted by Lichtenecker’s logarithmic power law
is that the addition of the Darvan 821-A dispersant causes the value of the permittivity to
exceed the power law predictions. This may be caused by the introduction of mobile ions
that effectively increase the permittivity of the mixture. One additional comment
concerning the 50% saturated suspension is that the dispersant caused the suspension to
become dilatant and highly viscous. It is not yet known what effect this could have on
the imaging experiment. One advantage may be that the bag will self-mold to patient,
providing a fairly seamless interface between the patient and the slurry bag.
Figure 7-4 shows the effect of the Darvan 821-A on the real and imaginary
components of the dielectric constant as well as on the loss tangent. The most notable
difference is that the presence of the Darvan dispersant causes an increase in the
imaginary component of the dielectric constant and consequently the loss tangent as
indicated by Equation (6-3). It has yet to be determined whether the greater loss
(corresponding to a decreased Q) will be a significant factor during imaging experiments.
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Figure 7-4 – The real (a) and imaginary (b) relative dielectric constant of different ratios of calcium titanium
oxide and de-ionized water with and without Darvan 821-A dispersant as a function of frequency. (c)
Corresponding value of the loss tangent.

7.3.2

BaTiO3 Material Use

Another way the dielectric constant of the slurry could be increased is through
use of a higher dielectric constant ceramic. CaTiO3 has a dielectric constant of ~166
when fully sintered. Some other titanates that could be used, which also have relatively
high dielectric constants when fully dense, include SrTiO3 and BaTiO3. Some properties
of these powders are included in Table 7-1.
Table 7-1 – Properties of CaTiO3, SrTiO3, and BaTiO3 particles purchased from Alpha Aesar and TPL

Property
εr
density (g/cc)
particle size (um)
surface area (BET) (m2/g)

CaTiO3
166
4.1
2.03
N/A

SrTiO3
300
4.8
0.2
7.08

BaTiO3
3000
5.85
0.4
2.35
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Initial tests were conducted using BaTiO3 and SrTiO3 (TPL, Inc., Albuquerque,
NM) as the materials for making slurries. The SrTiO3-DI H2O results were not
promising. The maximum volume fraction of SrTiO3 that was achieved was 23% with a
corresponding dielectric constant of ~92. Adding a dispersant such as Darvan 821-A
could yield an improvement; however, since BaTiO3 has a higher dielectric constant, it
makes more sense to pursue its use as a next step beyond CaTiO3 when trying to achieve
the highest possible dielectric constant with the particles in suspension. Results for
dielectric probe measurements of a BaTiO3-DI H2O slurry are shown in Figure 7-5. The
maximum possible volume fraction of BaTiO3 that was achieved prior to the addition of
dispersant was 25%. The addition of Darvan 821-A dispersant enabled the volume
fraction of BaTiO3 to increase above 40% and reach a dielectric constant value of 297. At
saturation, the BaTiO3 slurry as with the CaTiO3 slurry was dilatant.
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Figure 7-5 – Plot of the real component of the dielectric constant vs. the volume fraction of BaTiO3 with and
without Darvan 821-A dispersant in deionized H2O. The solid line represents Lichtenecker’s logarithmic
power law. The violet crosses are the measured data points for BaTiO3 slurry compositions without
dispersant. The green squares are the measured data points for BaTiO3 slurry compositions including
Darvan 821-A dispersant, showing the possible increase in permittivity through use of a dispersant.

It is believed that the BaTiO3 slurry was able to achieve a higher volume fraction
than the SrTiO3 slurry since the particle size was bigger and would therefore be less
susceptible to agglomeration. According to Table 7-1 and the manufacturer’s, CaTiO3 is a
micron-sized powder while SrTiO3 and BaTiO3 are nano-sized powders. Because of the
extremely high surface area of nano-sized particles, higher dispersant concentrations are
typically necessary to disperse them when compared to micron-sized particles. Figure
7-6 shows the real and imaginary parts of the dielectric constant for BaTiO3 as well as the
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corresponding loss tangent. As with CaTiO3, the imaginary component (and loss
tangent) increases significantly with the addition of the Darvan dispersant.

Figure 7-6 – The real (a) and imaginary (b) relative dielectric constant of different ratios of barium titanium
oxide (BaTiO3) and de-ionized water with and without Darvan 821-A dispersant as a function of frequency.
(c) Corresponding value of the loss tangent.

7.3.3

Particle Packing Theory

One additional method that may prove useful for increasing the dielectric
constant of the ceramic slurries is to vary the size and surface properties of the titanates.
According to Lee [112], the packing volume fraction for random loose packing of spheres
is 0.589 and for dense random packing of spheres is 0.639. Hence for dense random
packing about 40% of the space between the particles is air. Since air has a dielectric
constant of unity, its presence will decrease the total dielectric constant of the particleair system. A similar problem is encountered when introducing the spherical particles to
an aqueous solution. Particle packing theory [111;112;121-123] may be of use in trying to
increase the packing density of particles in a ceramic suspension, thereby increasing the
dielectric constant. According to McGeary [111], a densely packed biomodal mixture of
spheres with identical individual densities and a finite size ratio can achieve a theoretical
maximum fractional density of 0.86 when the weight fraction of the larger particles is
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0.73. This is an improvement compared to the dense packing of monosized spheres at
0.639 volume fraction. Keeping particle packing theory mind, it may prove useful to
investigate using mixtures of various sized titanate particles in order to increase the
overall packing density of the spheres and thereby the dielectric constant. Creating
larger sized ceramic particles could be done through crystal growth or spray drying.
Crystal growth could be done by bisque-firing the powder, i.e., firing the powder at about
a few hundred degrees (˚C) below the sintering temperature. Spray drying is a more
involved process and would necessarily involve seeking commercial help.
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